Abstract: The present study deals with an explanation for crosslinking reactions that occur during the polyhydrosilylation of telechelic Si-H silicones with divinylperfluoro molecules. For a better understanding of the chemical process, a model reaction was performed and characterized by a full battery of techniques, including the different nuclei NMR analyses. Even if hydrosilylation occurs, side methyl groups on the silicon atoms also react with tert-butoxy radicals. Abstraction of a hydrogen radical from the methyl side group of the silicone chains allows the vinyl fluorinated molecules to add on polydimethylsiloxane and to bridge chains together.
Introduction
The market for aerospace applications seeks elastomers of outstanding properties in drastic environments. These materials should display the lowest possible glass transition temperature and neither melt nor crystallize along a large temperature range, typically from -60 to 350°C, while still retaining their mechanical properties. They are also entailed to resist chemical attacks (concentrated sulfuric acid, butylamine) and should not swell with usual (e.g., tetrahydrofuran (THF)) or more specific (e.g., phosphate esters such as SKYDROL) solvents. The leader product in these high-tech applications is SIFEL® from Shin-Etsu, a perfluoroether polymer crosslinked by thoroughly tailored silicone extremities [1] . It matches all properties required for these applications, well beyond the already-known perfluoropolymers or fluorosilicones. A bad point for SIFEL, however, is the cost and hazard of the fluorinated epoxide used for perfluoroether polymer synthesis, which makes this product prone to concurrency.
A transient class of fluoropolymers that could fulfil the aerospace specifications is seen in hybrid silicones, i.e., alternating fluoroalkyl and silicone building blocks (for a recent review, see ref. [2] ). These are basically prepared by end-capping fluorinated alkyl sequences with silicone knees to prepare the building blocks, the extremities of which are turned into silanol moieties prior to polycondensation to obtain the multiblock polymer. A first generation of the starting building block consisted in hydrosilylation of vinyl end groups of a fluorinated α,ω-diene by the commercially available dimethylchlorosilane, prior to chlorosilane hydrolysis and polycondensation [3] (Scheme 1). The hydrosilylation step has been studied in detail as a function of the nature of the catalyst. When using Speier catalyst (H 2 PtCl 6 /iPrOH), besides the expected addition product, about 40% of the by-product R F -CF=CH-CH 3 were isolated by distillation and characterized through 1 H and 19 F NMR [3] . Such product probably issued from a rearrangement of the molecule obtained by the parasite inverse addition reaction, observed by teams of Kim [4] and then Furukawa [5] (Scheme 2). The synthesis of such ene groups has to be avoided, since their hydrosilylation reactions incorporate weak points in the material. Using tert-butyl peroxide as catalyst avoids the generation of such by-product [3] . The class of material obtained from the above strategy suffers from two main drawbacks for their use in the targeted application. Silicone kneecaps of two units were shown not to be sufficient to avoid crystallization of the fluorinated units. Longer silicone sequences between the alkylfluorinated chains must be brought in, but of less than four -Si(CH 3 ) 2 -O-units to avoid chain-scission by intramolecular cyclization [6] . Moreover, final molar masses were always relatively limited, typically less than 20 kg/mol, even in 'best' polycondensation reactions, e.g., using a tetramethylguanidine/ trifluoroacetic acid (TMG:TFA) complex [7] . Elastomers prepared from these materials exhibited poor mechanical properties, e.g., less than 100% elongation in the best cases.
These two points may be solved by performing the polyhydrosilylation between α,ω-hydro-oligo(dimethylsiloxane) (L n H , with n = 3, 4 the number of silicon atoms) and divinylperfluorinated chains. The idea is to generate non-crystallisable and long enough chains in the first hydrosilylation reaction so that after turning the Si-H moieties into silanol groups and polycondensing them (Scheme 1) the final hybrid polymer may exhibit significantly higher molar masses. We report here the difficulties it raised and an explanation of the chemistry involved, from a model reaction between the simplest silicone molecule available, i.e., L 2 H , and monovinyl fluorinated olefins. 
Results and discussion

Polyhydrosilylation
Several experiments were carried out on the polyhydrosilylation of L 3 H or L 4 H molecules with divinylperfluorohexane (in a 1:1 ratio), at 120°C and in the presence of tert-butyl peroxide as catalyst (Scheme 3). In all instances, a brittle and transparent solid, neither soluble in THF, a good solvent of fluoroalkyl and silicone, nor Freon 113, a good solvent of fluoroalkyl or mixtures containing them, was obtained ( Fig. 1) .
It is well known that polydimethylsiloxane chains are easily crosslinked using a radical catalyst, through the methyl groups attached to the silicon atom [8] . These indeed are a priori able to combine, after H• abstraction by the tert-butyl peroxide radicals. More conveniently, some vinyl groups are incorporated in the chains to limit and control the crosslinking reactions [8] . In the present study, the large content of vinyl groups in the recipe should be in favour of hydrosilylation rather than radical coupling. Still, they seem to incorporate through side reactions on silicone methyl groups, thus generating a highly crosslinked network.
When polyhydrosilylation was attempted with L 2 H and divinylperfluorobutane, a liquid oil composed of short oligomers was obtained. The fact that L 2 H does not lead to a gelled material could be explained by assuming that the main hydrosilylation and the side reaction do not readily occur on the same silicon atom, thanks to steric hindrance. Different analyses, including 1 H NMR spectrometry (Fig. 2) , showed that excess of L 2 H (δ = 4.7 ppm) remained at the end whereas the vinyl groups (showing up as a massif between 6.5 and 8 ppm) were all consumed. Moreover, new signals were observed in the range of 0.5 to 2.5 ppm for the methylene groups issued from the addition products. Their assignments were, however, too complex to conclude on the mechanism of side addition straightaway. 1 H NMR analysis of the product resulting from the reaction between L 2 H and divinylperfluorobutane
Model study
A model reaction between a monovinyl fluorinated block (C 6 F 13 CH=CH 2 ) and the simplest hydro-functionalized silicone linear molecule, L 2 H , was then carried out, in 2:1 proportions and in the presence of tert-butyl peroxide. Fig. 3 shows the SEC and GC traces of the resulting product. A series of peaks shows up instead of the expected diadduct, with three molecules produced in majority. Molar masses estimated from SEC with polystyrene calibration range between 300 to about 2000 g/mol. The main peaks observed at 800 and 1170 g/mol seem to correspond, respectively, to the monoadduct and to the diadduct (Fig. 3a) . The gas chromatogram shows too many peaks to be ascribed correctly (Fig. 3b) . The final products were evaporated and analysed by FAB + mass spectrometry (Fig. 4) , which produces peaks both from the whole molecules and those issued from fragmentation. A large series of peaks are observed, including those with 1, 2, 3 and even 4 fluorinated molecules attached to the L 2 H . The presence of perfluoro chains is confirmed by the massif of peaks separated by 20 g/mol, which corresponds to the loss of HF molecules. Other massifs of peaks, e.g., at 655 g/mol, exhibit large intensities, an evidence that it arises from highly polar molecules. We were not able to assign a reasonable chemical structure to such massif. Therefore, we believe that it arises from decomposition of the molecules under our mass spectrometry analysis conditions.
Since mass spectrometry techniques are not quantitative and do not separate molecules of the same raw formula, further characterization techniques were used, i.e., NMR spectroscopies of the various nuclei present in the molecule (except for 29 Si NMR that did not give valuable information to be shown here).
1 H, 13 C, and 19 F NMR spectra (Figs. 5, 6 and 7, respectively) were interpreted with the help of previous studies from our lab [3,9,10]. Possible peak assignments assuming three different structures (A, B, C) are also given in the figures.
In the 1 H NMR spectrum (Fig. 5) , the signals observed in the range 0.5 -2.3 ppm account for the CH 2 groups of the different addition products, while the broad signal at 2.6 ppm together with the small and broad doublet centred at 1 ppm may account for product C. A signal at 4.7 ppm surely accounts for the Si-H group of the addition side product B. In the 13 C NMR (JMOD) spectrum (Fig. 6) , the quaternary carbons of the fluorinated chains are observed between 100 and 126 ppm. All the signals between 30 and 5 ppm that lay on the same side are due to secondary carbon, i.e., CH 2 groups. The signal at 27.7 ppm was attributed to a CH 2 -CH 2 -CH 2 -R F group (products B and C), whereas in the product A, a similar group is shifted to 25.1 ppm due to the shielding effect of the closer Si atom. The CH 2 group directly linked to Si in the products A and B are observed at 7.1 ppm. The signals at 20.4 and 15.6 ppm may be attributed to the CH 2 -CH 2 -R F groups of products C and B, respectively. Again, the CH 2 group of the product B is closer to the Si atom and is more shielded. The tertiary carbon observed at 36.5 ppm can only be present in product C. Primary carbons are observed at -0.6 ppm for (CH 3 ) 2 Si= groups but a signal is also observed at 0.2 ppm, thus confirming the presence of product B.
Finally, in the 19 F NMR spectrum (Fig. 7) , besides the usual signals for the different fluorine atoms of the C 6 F 13 chain, some smaller signals at -121, -116 and -114.5 ppm confirm the presence of the proposed structures B and C. The mechanism of the various reactions involved here is presented in Scheme 4. Hydrosilylation is the main reaction under these conditions, but the attack on the vinyl group may occur either on the α or β position (pathway 1 and 2a, respectively), with rather high content (about 15%) [11] for the second possibility. The side reaction (pathway 3) consisting in attacking the CH 3 groups adjacent to the silicon atoms arises at a content of about 15% [11] . The attack on the CH 3 groups present in α of the CH group is almost quantitative (pathway 2b), since no product of reaction 2a was seen by NMR. It is now understood that crosslinking in samples prepared from divinyl fluorinated molecules and L 3 H or L 4 H occurs due to the 'high' content of methyl groups attached to the silicon atoms as well as the sensitivity of the central CH 3 groups. With L 2 H , the steric hindrance between groups attached by hydrosilylation and Si-CH 3 obviously prevent too high a ratio of side reactions, and thus crosslinking. , polymethylhydrosiloxanes) and catalysts, it now appears that the best hydrosilylation system would be to use Pt catalyst with allyl fluorinated olefins [3, 5, 9, 12] . Indeed, in these catalyst conditions, inverse addition or crosslinking reactions were never observed and the chemistry is mastered, in other words is more reproducible. The main drawback of this choice of synthesis is the poorer performance of the subsequent elastomers. A C 3 H 6 spacer (issued from an allyl olefin) between the Si atom and the fluorinated chain increases the glass transition temperature by about 10°C, compared to a C 2 H 4 spacer (issued from a vinyl olefin). It also seems that for the former, degradation occurs at a lower temperature than for C 2 H 4 spacer [3] .
Conclusion
With the aim to investigate new fluorosilicones and their crosslinking to give high performance elastomers, different polyhydrosilylations have been carried out with divinylperfluorohexane or divinylperfluorobutane and α,ω-hydrosiloxanes, in the presence of a tert-butyl peroxide catalyst. As some of these reactions produced gels, a model reaction has been performed with L 2 H , a fluorinated monovinyl olefin and the same catalyst to study and better understand all the possible radical reactions. Different NMR techniques used to characterize the reaction products showed that the methyl groups present in the starting methylhydrosiloxanes or in intermediate products may be involved in a crosslinking process. The reason for that lies in the poor reactivity towards hydrosilylation of the vinyl groups attached to electronwithdrawing CF 2 groups. We are now pursuing efforts to control the structure of networks produced by crosslinking reactions between a large-molar-mass PDMS and divinylfluorinated molecules.
Experimental part
Chemicals
Divinylperfluorobutane
(CH 2 =CH-C 4 F 8 -CH=CH 2 ) and divinylperfluorohexane (CH 2 =CH-C 6 F 12 -CH=CH 2 ) were synthesized from 1,4-diiodoperfluorobutane and 1,6-diiodoperfluorohexane, respectively, both products provided by Daikin, according to a procedure similar to the one previously described (see ref.
[10]). Vinylperfluorohexane (C 6 F 13 CH=CH 2 ) was obtained from Atochem. tert-Butyl peroxide ((tBuO) 2 
Measurements
FTIR spectra were recorded on a Nicolet 510P FTIR spectrometer with an accuracy of band of ± 2 cm -1 . 1 H or 13 C NMR spectra and 29 Si NMR spectra were recorded, respectively, on Bruker AC 200 and WP 250 spectrometers with TMS as the reference.
19 F NMR spectra were recorded on a Bruker AC 200 with CFCl 3 as the reference. All spectra were measured in CDCl 3 solutions and the chemical shifts (δ) are given in ppm. Size exclusion chromatography, SEC, was performed on a Spectra Physics apparatus with two columns (PL gel, 5 µm, 300 mm, 500 Å and 100 Å) and one pre-column (PL gel 5 µm guard). The detection was achieved with a SP8430 differential refractometer. THF was eluted at a flow rate of 0.8 ml/min. FAB measurements were performed on a JEOL SX102 mass spectrometer operated at an accelerating voltage of 10 kV. Samples were desorbed from a nitrobenzyl alcohol matrix using 6 keV xenon atoms.
Hydrosilylation procedure
For all experiments, 20 ml Carius tubes were purged with argon few times prior to introduction of reactants. An example of the polyhydrosilylation procedure is given here: divinylperfluorobutane (5 g, 19.7 mmol), L 2 H silicone (2.9 g, 21.7 mmol) and tert-butyl peroxide (0.41 g, 3.15 mmol) were introduced through a syringe. The flask was sealed and the reaction was allowed to proceed during 3 days at 120°C. After cooling to room temperature the flask was opened and the excess of silicone oil was evaporated at 60°C under 10 -2 Pa. For the model study, a similar procedure was carried out, starting from 5 g (14.5 mmol) of vinylperfluorohexane, 1.065 g (7.95 mmol) of L 2 H and 0.15 g (1.16 mmol) of tert-butyl peroxide.
